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INTRODUCTION 


OBJECTIVES 

The  basic  objectives  of  this  proaram  were  to  (1)  build  a test 
facility  for  measurina  blast  effectiveness  and  (2)  empirically  establish 
the  comparative  blast  effectiveness  of  several  tvoes  of  fluidic  encase- 
ment materials  (surrounds). 


PROCEDURE 

Two  different  test  facilities  were  constructed  for  determini  no  the 
pressure-time  history  aenerated  by  encased  test  charaes.  The  first 
facility  consisted  of  a steel  tank  with  Hopkinson  pressure  bars  and  a 
piezoelectric  pressure  aauae  mounted  radially  alonq  the  circumference 
of  the  tank,  as  shown  in  Fiq.  1.  The  explosive  charge  was  centrally 
suspended  inside  the  tank.  Follow! no  a series  of  tests  which  utilized 
both  bare  charaes  and  liquid  surrounds,  the  steel  tank  started  to  rup- 
ture. Even  though  the  tank  was  repaired  and  strengthened , it  was  felt 
that  a more  blast  resistant  test  facility  would  be  required  to  evaluate 
the  remaining  solid  surround  charges.  A second  facility  was  therefore 
constructed  by  modifying  an  existing  test  arena  previously  used  for 
vaporific  damage  (VADAM)  studies.  This  4-foot-thick,  reinforced  concrete 
test  arena  Is  shown  in  Fia.  2.  The  Hopkinson  bars  and  a piezoelectric 
pressure  aauae  were  positioned  in  an  existina  central  openina  in  the 
structure  and  were  protected  from  the  blast  by  a 3-inch-thick  armor 
plate  shield.  Five  instrumentation  ports  were  placed  4 inches  aoart  on 
a horizontal  line  to  facilitate  the  mounting  of  the  pressure  gauges  and 
Hopkinson  pressure  bars.  The  same  charge  standoff  was  retained  at  the 
second  site  to  provide  a comparison  with  data  collected  oreviouslv  in 
the  tank. 

The  fluidic  surround  materials  used  in  the  test  series  consisted 
of  water,  ethylene  qlvcol,  alycerol,  alass,  leaded  class  and  solder. 

Each  material  was  test  fired  in  five  differing  charae-to-mass  ratios. 
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PHYSICAL  FACILITIES 

A 6-foot  diameter  tank  (Fig.  1),  made  of  3/4-inch  steel  plate  was  con- 
structed to  form  the  initial  test  faciiity.  Ail  explosive  charges  were 
suspended  from  the  top  of  the  tank  and  In  the  case  of  the  bare  spherical 
charges,  the  charge  centerline  coincided  with  the  height  of  the  instru- 
mentation ports.  When  firing  bare  as  well  as  encased  pentoiite  cylin- 
ders, the  lower  edge  of  the  charge  was  aligned  with  the  instrumentation 
ports  in  each  case  to  allow  for  the  slight  downward  deflection  of  the 
blast  wave  due  to  initiating  the  cylinders  at  the  upper  end.  A concrete, 
steel-clad,  conically  shaped  blast  deflector  situated  below  the  tank 
nullified  the  effects  of  ground  reflections. 

Twelve  stainless  steel  flanges  were  welded  to  the  tank  with  a 30 
degree  spacing  between  each  fiange.  These  flanges  and  their  associated 
components  formed  the  Instrumentation  ports,  one  of  which  Is  shown  in 
Fig.  3.  Nylon  inserts  having  a 1/2-Inch  Internal  diameter  were  Initially 
intended  to  encase  the  Impact  end  of  the  Hopkinson  pressure  bar  and  per- 
mit a flush  mounting  of  the  bar  with  the  inside  surface  of  the  tank 
wall.  However,  due  to  coupling  problems  encountered  between  the  bar 
and  the  tank,  it  was  eventually  decided  that  the  best  data  were 
realized  when  the  pressure  bars  were  positioned  1/16  of  an  inch 
behind  the  nylon  Insert.  With  this  arrangement  the  nylon  inserts  acted 
as  an  orifice  and  directed  the  blast  wave  onto  the  impact  end  of  the 
Hopkinson  pressure  bars.  Inserts  made  from  either  nylon  or  lead  were 
used  to  house  the  piezoelectric  pressure  transducers.  In  this  case, 
however,  the  inserts  were  threaded  internally  using  a 1/2-20  thread 
size.  The  piezoelectric  pressure  gauge  assembly  is  shown  in  Fig.  4. 

The  suspension  system  for  the  Hopkinson  bars  was  fabricated  from 
wood  and  designed  to  assure  the  longest  possible  delay  for  shock  wave 
transmission  to  the  Hopkinson  bars.  One  such  suspension  system  Is 
shown  In  Fig.  5.  However,  this  system  was  later  modified  since  It  was 
very  sensitive  to  wind  gusts  which  caused  the  bars  to  sway  and  be  de- 
flected away  from  the  Instrumentation  port  exit.  The  modified  system 
used  the  same  wooden  stands  lowered  by  approximately  8 inches  to 
accommodate  a two  point  suspension  system  where  the  bars  rested  on  two 
adjustable  holders  machined  out  of  aluminum. 

A make-screen  chronometer  was  used  to  measure  the  average  velocity 
imparted  to  an  impulse  plug  by  the  blast  wave.  To  generate  repeatable 
data,  the  plug  velocities  had  to  be  high  enough  to  consistently  break 
both  of  the  screens  without  incurring  any  large  velocity  degradation. 

This  resulted  in  1/2-inch  diameter  aluminum  impulse  plugs  having  a 
length-to-diameter  ratio  approaching  unity.  Two  problem  areas 
immediately  became  apparent.  One,  due  to  the  short  iength-to-dlameter 
ratio,  binding  occurred  between  the  Impulse  plug  and  the  nylon  Insert. 
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Two,  because  of  the  short  plug  length  the  trapped  segment  of  impulse  could 
only  be  on  the  order  of  5 microseconds  in  length.  To  circumvent  these 
problems,  a prototype  impulse  trap  was  constructed  which  consisted  of  a 
string  of  suspended  steel  balls  connected  to  the  inside  blast  environment 
of  the  tank  by  means  of  a momentum  transfer  bar.  By  monitoring  the  excur- 
sion of  the  steel  balls  using  a high  speed  camera,  the  incremental  impulse 
shape  could  be  calculated.  Due  to  its  flimsy  construction,  the  prototype 
failed  to  produce  the  desired  results.  While  the  construction  of  such  a 
system  is  possible,  it  would  be  fairly  costly.  Therefore  this  scheme  was 
abandoned. 

A moving  vane  trigger  was  mounted  on  a wooden  dowel  and  inserted 
through  one  of  the  vacant  stainless  steel  flanges  containing  a nylon 
insert  with  a one-inch  internal  diameter.  This  trigger  and  its  associ- 
ated circuitry  was  used  to  trigger  the  Tektronix  555  oscilloscopes  on 
which  the  pressure-time  curves  were  displayed. 

The  steel  tank  test  facility  was  temporarily  abandoned  after  firing 
only  two  of  the  test  charges  having  solid  surrounds  due  to  the  development 
of  an  18-inch-long  visible  crack.  The  crack  was  symmetrically  situated  in 
a vertical  direction  above  and  below  the  instrumentation  port  line.  It  was 
repaired,  however,  by  means  of  an  inner  and  outer  weld.  The  tank  was 
further  strengthened  by  the  following  structural  modification.  Two  9-inch- 
wide, 1/2-inch-thick  steel  bands  were  welded  to  the  tank  wall  at  locations 
3-inches  above  and  3-inches  below  the  ports.  Twelve  vertical  stiffeners 
(6-inch  by  48-inch  by  3/4-inch)  were  then  welded  to  the  tank  wall  as  well 
as  to  the  twelve  gussets  that  are  mounted  between  the  tank  wall  and  skirt. 

This  modification  to  the  tank  appeared  to  solve  the  problem  cf  pos- 
sible rupture.  A series  of  15  liquid  encased  test  charges  were  subseguently 
fired  without  incurring  any  visible  adverse  effects  to  the  structure. 

Since  a series  of  14  test  charges  having  surrounds  made  of  dense 
solids  remained  to  be  fired,  it  was  mutually  decided  by  personnel  from 
Denver  Research  Institute  (DRI)  and  NWC  to  construct  a new  test  arena.  A 
primary  structure  in  existence  at  DRI  fulfilled  the  basic  requirements 
needed  for  this  facility.  The  site  chosen  was  the  VADAM  test  facility 
illustrated  in  Fig.  2.  This  steel-clad  concrete  barricade  is  34  feet  long, 
17  feet  high  and  4 feet  thick  with  a throat  11  feet  high  and  4 feet  wide  in 
the  center.  A sheet  of  3-inch-thick  armor  plate  63  inches  wide  and  106 
inches  high  was  bolted  and  welded  across  the  throat  of  the  barricade.  The 
armor  plate  was  also  supported  from  below  by  a steel  structure  resting  on 
the  foundation  shelf  of  the  barricade.  A slot  7 inches  wide  and  27  inches 
long,  which  had  been  cut  in  the  armor  plate,  was  positioned  so  that  it  ran 
horizontally  part  way  across  the  throat  of  the  barricade  at  a height  of 
approximately  40  inches  above  the  floor  of  the  throat.  A sheet  of  3/4- 
inch-thick  steel  plate  was  bolted  across  the  entire  sheet  of  armor  plate 
and  to  the  barricade.  The  steel  plate  is  shown  in  its  final  configuration 
in  Fig.  6. 
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Five  1-inch  diameter  holes,  spaced  b inches  apart  on  a horizontal 
line,  were  drilled  in  the  3A"inch  steel  plate  to  provide  instru- 
mentation ports  as  shown  in  Fig.  7 • The  center  hole  was  located 
approximately  2^  inches  from  the  edge  and  51  inches  from  the  bottom  of 
the  3A"inch  steei  plate.  This  positioned  the  instrumentation  ports 
approximately  10  feet  above  ground  level.  Since  the  charge  standoff 
distance  was  36  inches  the  effects  of  ground  reflections  could  be 
ignored.  Two  different  types  of  inserts  were  constructed:  one  for  the 

Hopkinson  pressure  bars,  the  other  for  the  piezoelectric  pressure  trans- 
ducers. The  pressure  bar  ports,  machined  from  high  tensile  strength 
steel  bolts,  formed  an  orifice  with  a 1/2-inch  diameter  and  a 1 1/2-inch 
length.  The  Hopkinson  pressure  bars  were  supported  at  two  points,  the 
rear  support  being  fixed,  and  the  front  one  adjustable,  both  vertically 
and  horizontally.  The  bars  and  supports  are  illustrated  in  Fig.  8.  The 
impact  end  of  each  Hopkinson  pressure  bar  was  placed  at  a distance  of 
1/8-inch  behind  the  exit  of  its  corresponding  instrumentation  port. 

This  increase  in  separation  distance  from  the  l / 1 6*  ch  distance  used  in 
the  tank  facility  was  required  due  to  flexure  of  the  steel  plate  assem- 
bly which  resulted  in  contact  between  the  pressure  bars  and  the  steel 
plate  at  the  smaller  separation  distance  when  the  larger  charge  sizes 
were  fired.  The  piezoelectric  pressure  gauge  insert  was  machined  out 
of  Lexan  and  tapped  for  a 1/2-20  thread.  Provision  was  made  to  position 
a fragment  stripper  in  front  of  the  piezoelectric  pressure  transducer  to 
protect  it  against  possible  damage.  This  fragment  stripper,  shown  in 
Fig.  7,  consisted  of  a l/2-inch  diameter  steel  bolt  mounted  approxi- 
mately 6 inches  in  front  of  the  insert  holding  the  pressure  gauge. 

A boom  was  constructed  to  facilitate  the  suspension  of  the  test 
charges  at  a constant  standoft  distance  of  36  inches.  The  moving  vane 
trigger  was  supported  on  a movable  stand,  located  in  a position  180 
degrees  away  from  the  instrumentation  ports,  with  respect  to  the  charge 
pos i t i on . 


GURE  7*  Instrumentation  Ports  and  Fragment  Stripper. 


FIGURE  8.  Hopkinson  Pressure  Bars  on  the  Suspension  Stand. 
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Hopkinson  pressure  bars  were  used  at  both  test  facilities  to  meas- 
ure the  pressure-time  history  of  the  blast  effects  caused  by  fluidically 
encased  explosive  test  charges. 

The  pressure  bars  were  manufactured  from  1/2- inch  diameter  bar 
stock  using  predominantly  steel  and  aluminum  bars.  Occasionally  a 
yellow  brass  bar  also  was  employed.  At  the  tank  test  facility  aluminum 
Hopkinson  bars  were  used  for  all  the  measurements  involving  encased 
charges.  This  necessitated  the  frequent  replacement  of  the  bars  due  to 
cratering  and/or  shear  failure  of  the  impact  face.  Extreme  shear  fail- 
ures occurred  during  the  firing  of  two  test  charges  involving  solid 
surrounds.  It  was  therefore  decided  that  steel  should  be  employed  as 
the  primary  bar  material  at  the  VADAM  test  facility,  since  all  the 
surrounds  would  be  solids.  Hopkinson  bar  lengths  were  increased  from 
72  inches  to  approximately  116  inches  to  permit  the  measurement  of 
longer  duration  impulses.  Several  116  inch  long  2024-TA  aluminum  bars 
were  also  fabricated  for  use  ir.  the  IADAM  test  facility.  As  expected, 
the  bars  made  from  202A-T4  aluminum  were  more  resistant  to  damage  than 
the  6061-T6.  (The  average  yield-*- crength  of  202A-TA  aluminu.n  is  68,000 
lb/in^.i  Two  types  of  steel  bars  were  employed.  The  first,  manufactured 
from  hot  rolled  steel  was  b'^at  treated  to  a yield  strength  of  170,000 
lb/in^  and  the  second  madj  from  Vasco  Max  300,  was  heat  treated  to  a 
yield  strength  of  150,000  Ib/in*. 

Each  Hopkinson  bar  had  a single  strain  gauge  attached  at  a distance 
of  approximately  6 inches  from  the  impact  face  of  the  bar.  The  strain 
gauges  used  were  supplied  by  Micro-Measurements  and  were  of  two  types: 
the  first,  CEA-06-250  UW- 120,  was  used  on  the  steel  bars;  and  the  second, 
CEA-13-250  UW-120,  was  used  on  the  aluminum  bars.  Each  Hopkinson  bar 
was  electrically  grounded.  Two  6-inch-long  pieces  of  mlcrodot  coaxial 
cable  were  used  to  connect  the  strain  gauge  to  the  amplifier  leads. 

The  center  conductor  of  each  coaxial  cable  was  connected  to  a copper 
tab  on  the  strain  gauge  and  the  two  braided  shields  to  the  system  ground 
point.  The  input  leads  to  the  amplifiers  consisted  of  a twisted  pair, 
foil  shielded  cable  which  has  the  advantage  of  both  low  noise  character- 
istics and  low  capacitance.  Both  gauge  connections  and  gauge  lead  wire 
design  are  illustrated  in  Fig.  9 and  Fig.  10.  The  high  density  fluidic 
surrounds  caused  a tremendous  amount  of  damage  to  the  aluminum  Hopkinson 
pressure  bars.  In  some  instances  the  impact  faces  of  the  aluminum  bars 
were  actually  sheared  off.  While  the  bar  Is  still  usable,  experience 
has  shown  that  whenever  a bar  sustains  damage  to  that  extent  the  strain 
gauge  connection  pads  are  also  destroyed  which  results  in  a loss  of 
data.  In  Fig.  11  the  left  hand  bar  was  made  of  hot  rolled  steel  that 
had  been  heat  treated.  All  the  other  bars  were  manufactured  from 
aluminum  al loys. 
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FIGU.’C  9.  Strain  Gauges  and  Gauge  Connection  on  Hopkinson  Pressure  Bars. 


Strain  Gauge  and  Lead  Assembly. 


FIGURE  11.  Impact  Face  Damage  on  the  Hopkinson  Pressure  Bars. 
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One  72-inch  long,  yellow  brass  (type  360)  Hopkinson  bar  was  also 
incorporated  into  the  pressure  monitoring  instrumentation  at  the  VADAM 
facility.  This  Hopkinson  bar  was  mounted  behind  a fragment  stripper  in 
order  to  monitor  the  air  blast  that  is  associated  with  the  detonation 
of  a fluidically  encased  explosive  charge. 

A block  diagram  representation  of  the  strain  gauge  amplifiers  for 
the  Hopkinson  bars  is  shown  in  Fig.  12.  Three  such  amplifiers  were 
used  during  each  test  shot.  All  supply  voltages  were  regulated  to 
minimize  any  drift  in  amplifier  parameters  as  well  as  to  reduce  any 
cross-talk  between  the  three  data  channels.  The  detailed  circuit 
diagram  is  shown  in  Fig.  13.  Metal  film  resistors  were  used  throughout 
the  construction  of  these  amplifiers  to  minimize  the  effects  of  thermal 
changes.  The  differential  input  stage  reduces  the  system  response  to 
common  mode  signals  such  as  60  cycle  pickup  from  the  power  cables.  The 
emitter  follower  serves  as  a buffer  between  the  differential  input  stage 
and  the  operational  amplifier  stage.  The  120A  operational  amplifier 
has  an  adjustable  bandwidth  capability  thereby  allowing  a rise  time  of 
500  nano-seconds  at  the  output  of  this  stage.  However,  the  output  of 
the  I20A  operational  amplifier  is  fed  to  a voltage  follower  to  reduce 
the  effects  of  capacitive  loading  due  to  the  long  coaxial  cables 
employed  at  the  tank  test  facility.  This  last  stage  could  have  been 
eliminated  at  the  VADAM  test  arena  since  the  cable  lengths  were  rela- 
tively short.  This,  however,  was  not  necessary  since  the  system  band- 
width was  preset  to  g;ve  a 4 microsecond  rise  time  which  resulted  in  a 
large  reduction  of  background  noise.  (The  background  noise  of  the  system 
is  approximately  10  millivolts  peak- to- peak.)  The  output  of  the  120A 
operational  amplifier  was  also  fed  to  a low-pass  filter  which  has  a 
preset  rise  time  of  50  microseconds.  This  averaging  filter  reduces  the 
spiky  behavior  of  the  data  caused  by  particulate  impacts  and  improves 
the  ease  of  datu  reduction.  Even  though  it  appears  that  the  filter 
would  cause  a loss  of  data,  tjiis  is  not  the  case,  since  any  short  rise 
time  data  (such  as  peak  pressures)  normally  can  be  picked  up  from  the 
raw  data  signal  displayed  simultaneously  on  the  upper  beam  of  the  dual 
beam  oscilloscopes.  it  must  also  be  remembered  that  any  realistic 
target,  i.e.,  one  of  finite  mass  and  dimensions,  will  act  as  a low-pass 
filter  when  being  subjected  to  a short  rise  time,  short  duration  impulse. 

It  was  found  that  the  firing  line  radiated  an  enormous  interference 
signal  following  the  detonation  of  the  electrical  blasting  cap.  To 
solve  this  problem  the  firing  line  was  terminated  by  a 2 ohm  resistor 
which  had  little  if  any  effect  on  the  function  capability  of  the  blast- 
inq  cap. 

CHARGE  CONFIGURATION 

When  firing  spherical  charges  for  test  or  calibration  purposes, 
the  explosive  charges  were  suspended  in  hairr-ts.  This  technique  was 
also  employed  whenever  bare  pentolite  cylinders  were  detonated.  All 
cylindrical  test  charges  were  center-point  initiated  at  the  upper  end 
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FIGURH  12.  Block  Diagram  of  Instrumentation  System. 
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of  the  cylinders,  using  a 3/4-inch  diameter,  3/4-inch  long  tetryi 
booster  initiated  by  a § 8 blasting  cap.  The  cap  and  booster  were  held 
in  place  by  a H-inch  diameter  wooden  dowel.  This  dowel  had  cavities 
machined  in  it  to  house  both  the  cap  and  the  booster.  The  total  assembly 
was  attached  to  the  top  surface  of  a cylindrical  explosive  charge  using 
very  thin  double  sided  adhesive  tape. 

An  inexplicable  phenomenon  frequently  manifested  itself  whenever  a 
cyl indrical ly  shaped  explosive  charge  was  detonated.  The  output  of  the 
Hopkinson  bars  would  show  a short  duration  negative  precursor  prior  to 
the  initial  rise  of  a typical  airblast  shock  front.  This  precursor  even 
appeared  during  some  of  the  firings  of  the  series  of  liquid  surrounds. 

The  piezoelectric  pressure  gauge  never  registered  such  a signal.  This 
negative  precursor  does  not  appear  to  be  an  electromagnetic  interference 
since  its  time  of  arrival  is  concurrent  with  that  of  the  airblast  shock 
front.  Even  though  this  phenomenon  is  not  understood,  it  ceased  to 
appear  after  the  following  modification  had  been  affected.  Whenever  a 
cvlindricallv  shaped  explosive  charge  was  to  be  detonated,  a 1/16-inch- 
thick,  1 1/4-inch  inside  diameter  and  2 1/2-inch-lona  steel  tube  was  placed 
over  the  booster-cap  assembly.  This  steel  tube  did  not  appear  to  have 
any  effect  whatsoever  on  the  pressure-time  data  generated  by  the  explo- 
sion. Therefore  all  of  the  high-dens? ty  soi id-surrounds  were  detonated 
with  the  steel  tube  mcdificat'on  over  the  booster-cap  assembly. 

Various  container  configurations  were  tried  in  the  case  of  the 
three  liquid  surrounds.  The  different  types  of  container  configurations 
are  shown  in  Fig.  14.  The  first  type  of  liquid-charge  container  con- 
sisted of  two  glass  tubes  epoxied  to  a machined  lucite  base.  This  con- 
struction prevents  the  liquid  from  directiy  contacting  the  charge.  This 
precaution  was  not  necessary  in  the  case  of  the  three  liquids  employed 
in  this  test  series  since  they  are  inert  with  respect  to  the  pentolite 
explosive  used.  The  pressure-time  data  resulting  from  the  detonation  of 
these  charqes  were  spiky.  This  suggested  that  the  glass  container, 

especially  the  double  glass  wails,  was  causing  the  problem  due  to  the 
generation  of  microscopic  fragments,  see  Fig.  15.  As  a result,  the  con- 
tainer design  was  changed.  A single  lucite  tube,  1/8-inch  thick  and 
approximately  5i”inch  outside  diameter,  was  epoxied  to  a lucite  base. 

The  liquids  were  therefore,  in  direct  contact  with  the  explosive. 

Although  the  signais  recorded  were  stili  of  a spiky  nature  the  charac- 
teristic shape  of  the  resulting  spikes  superimposed  on  the  data 
appeared  to  be  of  lower  magnitude  and  a somewhat  lower  frequency,  see 
Fig.  16.  The  entire  liquid  surround  test  series  was  fired  with  this 
charge/container  configuration.  Later  in  the  program  a final  modifi- 
cation of  a container  for  liquid  surrounds  was  investigated.  This 
consisted  of  a 1/16-inch-thick,  5 1/16-1 nch  outside  diameter 
cardboard  box  epoxied  to  the  machined  Tucite  base.  After  curing,  the 
cardboard  was  impregnated  with  paraffin  nx.  The  resulting  pressure- 
time trace  still  showed  some  spiking,  however,  the  spike  frequency  was 
considerably  reduced,  see  Fig.  17.  This  f trial  container  design  pro- 
vided the  most  simple  construction,  with  the  lowest  mass  as  well  as 
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FIGURE  Ik.  Different  Types  of  Liquid  Containers  Used. 
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FIGURE  15.  Pressure-Time  Record  from  a Water/ 
Glass  Encased  672-Gram  Pentolite  Cylinder. 
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FIGURE  16.  Fressure-Time  Record  from  a 64- 
Series  Water/Lucite  Encased  582-Gram  Pentolite 
Cyl i nder  . 
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FIGURE  17.  Pressure-Time  Record  from  a 64-Series 
Water/Cardboard  Encased  586-Gram  Pentolite  Cylinder. 
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lowest  cost.  The  contai ner /charge  assembly  is  illustrated  in  Fig.  18. 

A glass  encased  explosive  charge  is  shown  in  Fig.  19  resting  on  a 
triangular  plywood  platform.  These  platforms  were  always  used  to 
suspend  the  >.est  charges  whenever  encased  cyl  tndrical  ly  shaped  explosive 
charges  were  t!red. 


FIGURE  18.  Final  Configuration  of  an  Explosive 
Charge  and  Liquid  Encasement. 


FIGURE  19.  A 120-Series  Glass  Encased  Pentolite  Cylinder 
with  Detonation  End  Modification  of  the  Booster-Cap  Assembly 
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SPHERICAL  TEST  CHARGES 

The  Hopkinoon  pressure  bars,  used  to  determine  the  pressure-t ime 
data  generated  by  fluidically  encased  explosive  charges,  were  calibrated 
by  firing  a series  of  one-pound  pentolite  spheres.  The  resulting  peak 
pressures  were  measured  using  a piezoelectric  pressure  transducer  pre- 
calibrated by  the  manufacturer.  The  gauge  type  used  was  an  ST-4, 
supplied  by  Susquehanna  Instruments.  The  accumulated  data  were  averaged 
to  determine  the  calibration  factors.  The  average  peak  pressure  gener- 
ated by  six  480-gram  pentolite  spheres  at  a standoff  distance  of  3 feet 
was  found  to  be  642  Ib/in  at  an  atmospheric  pressure  of  11.867  lb/in2. 
When  scaled  to  sea  level  this  peak  pressure  becomes  795  lb/in2.  This 
figure  correlates  very  closely  with  780  lb/in2  as  published  by  the 
Ballistic  Research  Laboratories  (BRL)  in  their  memorandum  report  No. 

1499  (Ref.  1).  The  data  for  this  test  series  is  presented  in  Table  1. 
The  underlined  values  are  not  included  in  the  average  due  to  their 
obviously  low  values. 


TABLE  1 

Peak  Pressures  Generated  by  480-Gram  Pentolite 
Spheres  at  a 36- inch  Standoff  Distance 
Measured  at  an  Atmospheric  Pressure 
of  11.867  lb/in2 


Ampl i f ier  #1 
Alumi num 
Bars 
(lb/in2) 

Ampl i f ier  #2 
Aluminum/ 
Steel  Bars 
( 1 b/ in2) 

Ampl i f ier  #3 
Alumi num 
Bars 
( 1 b/ i nz) 

Current  Source 
Brass  Bar 
(lb/in2) 

Piezoelectric 
Gauge  #133 
(lb/in2) 

677 

647 

629 

587 

645 

642 

613 

594 

733 

768 

434 

669 

704 

665 

627 

399 

599 

- 

587 

595 

616 

642 

665 

627 

607 

702 

- 

61 6 

589 

The  output  voltage  of  each  Hopkinson  pressure  bar  system  was  also  aver- 
aged for  the  six  480-gram  test  charges  fired.  In  each  case  the  average 
voltage  was  divided  by  642  lb/in2  resulting  in  a calibration  factor,  S 
(millivolts/lb/in2),  for  each  amplifier-bar  combination.  The  results  of 

Ref.  T Ballistic  Research  Laboratories.  Measurements  of  Normally 
Reflected  Shockwaves  from  Explosive  Charges,  by  W.  H.  Jack,  Jr., 
Aberdeen  Proving  Ground,  Maryland,  July  1963.  (Memorandum  Report 
No.  1499). 
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this  calibration  are  shown  in  Table  2,  for  the  Hopkinson  pressure  bars 
employed  at  the  VADAM  test  facility.  Also  included  in  this  table  are 
the  calibrating  factors  determined  for  the  tank  facility.  The  differ- 
ence in  calibration  factors  for  the  aluminum  bars  is  basically  due  to 
modifications  that  were  made  in  the  amplifier  circuit  when  the  move  to 
the  VADAM  arena  took  place. 


TABLE  2 


Cai ibration 
Pressure 

Factors 
Bars  at 
of  1 

Determined  for 
an  Atmospheric 
1.867  lb/in2 

the  Hopkinson 
Pressure 

S#1 

sn 

S#3 

mV 

mV 

mV 

Tank  Arena 

lb/in2 

lb/ in2 

i b/in2 

Aluminum 

0.59 

0.56 

VADAM  Arena 

Aluminum 

0.29 

0.25 

0.26 

Steel 

0.10 

0.09 

0.09 

A second  series  of  1,  2 and  5-pound  spherical  pentolite  charges 
were  fired  to  serve  as  additional  calibration  for  the  Hopkinson  bars. 
The  peak  pressure  figures  as  weil  as  the  scale  distance  figures  shown 
in  Table  3 were  altitude  scaled  to  facilitate  a comparison  with  the  BRl 
data  as  published  in  BRL  Report  No.  1499  (Ref.  1).  The  test  range 
altitude  was  assumed  to  be  6,000  ft.  above  sea  level.  As  can  be  seen 
from  the  table,  the  correlation  is  exceiient. 

TABLE  3 


Average  Peak  Pressures  Measured  During  the  Detonation 
of  Spherical  Pentolite  Test  Charges 


Charge 

Weight 

(ib) 

Scale 

Distance 

(ft/ibl/3) 

Peak 

Pressure 

(lb/in2) 

Altitude  Scaied 
Scale  Distance 
(ft/ibl/3) 

Alt.  Scaled 
Peak  Pressure 
(lb/in2) 

Approx.  BRL 
Peak  Pressure 

(Ib/in2) 

i 

3.00 

595 

2.79 

742 

763 

2 

2.38 

1025 

2.2! 

1279 

1310 

5 

1.75 

2200 

i .63 

2745 

2693 

28 

ANALYTICAL  CALIBRATION 


NWC  TP  5857 


The  calibration  factor,  S,  can  also  be  calculated  If  Young's 
modulus  is  known  for  each  Hopkinson  bar  material.  It  can  be  shown  that 
S is  given  by: 


whe  re 


Vol  ts 
lb/in2 


A 1_  k R_  x 103 

S = 3 2 

E 


mill?  vol ts 
lb/ in2 


Au 
A o 
A 

*9 

k 

Rg 

E 


is  the  change  in  output  voltage,  mV 

is  the  change  in  applied  pressure,  lb/in^ 

is  the  system  voltage  gain,  volts/volt 

is  the  strain  gauge  current,  amperes 

is  the  gauge  factor 

is  the  gauge  resistance,  ohms 

is  Young's  modulus,  lb/i 


(Eq.  1) 
(Eq.  2) 


The  analytical  calibration  does  not  take  into  account  the  fact 
that  the  Hopkinson  pressure  bars  were  necessarily  located  behind  the 
inserts  forming  the  instrumentation  ports.  This  requires  that  the 
shock  front  travel  through  a 1/2- inch-diameter  orifice  for  approxi- 
mately 1 3/8  inches  prior  to  impacting  the  face  of  the  bar.  It  was 
found  that  the  spherical  charge  calibration  values,  determined  using 
piezoelectric  gauges  in  conjynction  with  Hopkinson  bars,  was  lower  than 
the  analytically  determined  values.  The  net  effect  was  that  the 
experimentally  determined  calibration  values  were  approximately  82.5 
percent  lower  than  those  derived  analytically.  Therefore,  in  order 
to  compare  experimental  calibration  factors  with  those  calculated, 
each  calculated  calibration  factor  must  be  multiplied  by  0.825.  The 
values  used  for  the  various  parameters  were: 
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'g 

s 

21.4  x I0'3  amperes 

kAI 

= 

2.09 

kst 

= 

2.105 

Rg 

= 

121  ohms 

eai 

s 

10.6  x 106  lb/in2 

UJ 

= 

30  x 106  lb/iri2 

The  amplifier  voltage  gains  are  listed  in  Table  4. 

TABLE  4 

Amplifier  Voltage  Gains 

Ampi  i f ier  tt\  Amp!  ifier  HI  Ampi  i f ier  #3 
730  690  530 


Using  the  following  equation,  the  corrected  gain  factors  can  be  calcu 
lated,  namely, 

< . 825  A lg  k Rg 

mi  1 1 ivol ts 

E 

lb/in2 

The  gain  factors  are  listed  in  Table 
Hopkinson  bars. 

5 both  for  steel 

and  aluminum 

TABLE 

5 

Analytical  Calibration  Factors  for 
the  Hopkinson  Pressure  Bars. 

S/5'1 

S#2 

S#3 

mV 

mV 

mV 

lb/in2 

lb/in2 

lb/in2 

Aluminum  0.31 

Steel  0.11 

0.29 

0.10 

0.22 

0.08 

A general  agreement  between  the  calibrated  factors  determined  both 
experimentally  and  analytically  can  be  observed  by  comparing  Table  2 
and  Table  5. 


► 
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TEST  RESULTS 

SPHERICAL  CHARGES 

It  was  found  that  the  impact  end  of  the  Hopklnson  pressure  bar 
could  under  no  circumstance  be  coupled  directly  to  the  wall  of  the  test 
facility  when  the  wall  was  subjected  to  blast  loading  from  test  charges 
of  the  size  fired  during  this  program.  Figure  20  shows  two  traces  of 
the  bar  response  under  conditions  of  direct  couplinq,  as  obtained  in  the 
tank.  Because  of  this,  the  impact  ends  of  the  Hopkinson 
bars  were  separated  from  the  exits  of  the  instrumentation  port  by  dis- 
tances of  either  1 / 1 6- i nch  (as  in  the  tank  test  facility)  or  1/8-inch 
(as  in  the  VADAM  test  facility).  A typical  bar  response  for  the 
pressure-time  output  of  a spherically  shaped  explosive  charge  is  shown 
in  Fig.  21 . 

PENTOLITE  CYLINDER  DATA 

A phenomenon  was  encountered  which  produced  a negative  precursor  in 
the  signal  response  of  a Hopkinson  pressure  bar  when  used  to  measure  the 
pressure-time  data  generated  during  the  detonation  of  a cylinder.  This 
effect  is  shown  in  Fig.  22.  Modification  of  the  charge  assembly  by 
surrounding  the  detonator  and  booster  with  a thin  walled  metal  tube  cured 
the  problem  and  all  subsequent  pressure  traces  resembled  the  one  shown 
in  Fig.  23  for  the  bare  pentolite  cylinders. 

The  average  dimensions  of  the  bare  cyl indrical ly  shaped  pentolite 
charges  fired  during  this  program  are  given  in  Table  6. 


TABLE  6 


Average  Dimensions  of  Bare  Pentolite  Cylinders 


Series 

Length 

(mm) 

Diameter 

(mm) 

Length-to-Dia.  Ratio 

Mass 

(grams 

64 

133 

59 

2.25 

584 

80 

133 

75 

1.77 

947 

95 

133 

90 

1.48 

1366 

1 10 

133 

105 

1.27 

1805 

120 

133 

133 

1.18 

2111 

The  peak  pressures  produced  by  detonation  of  the  pentolite  cylinders 
having  the  above  mentioned  dimensions  are  presented  In  Table  7.  The 
underlined  values  were  not  used  in  calculating  the  average  values  for 
each  series.  The  reasons  for  disregarding  these  values  was  associated 
with  the  type  of  signal  recorded.  In  some  cases  a serious  negative 
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FIGURE  20.  Hopkinson  Bar  Behavior  Illustrating  Direct 
Coupling  Between  the  Bar  and  Instrumentation  Port 
Following  Detonation  of  a 2 -Pound  Pentolite  Sphere. 


Raw  Data 


Fi 1 tered 


Vert.  Scale 


100  mV/div. 
Horiz.  Scale 
100  ys/div. 


Aluminum  Bar 


Vert.  Scale 


50  mV/div. 


Raw  Data 


Horiz.  Scale 


Fi  1 tered 
Da  ta 


100  ys/div. 


Steel  Bar 


FIGURE  21.  Hopkinson  Pressure  Bar  Traces  Obtained 
From  the  Detonation  of  a One-Pound  Pentolite  Sphere, 
reparation  Distance  Between  Instrumentation  Port  Exit 
and  Bar  Impact  Face  was  1/16- Inch. 
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FIGURE  22.  Pressure-time  Trace  of  a 59^-Gram 
Pentollte  Cylinder  Showing  Negative  Precursor. 
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FIGURE  23.  Pressure-time  Trace  of  a 1,3^7-Gram 
Pentolite  Cylinder  Following  Booster-Cap  Assembly 
Mod i f i ca  t i on . 
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precursor  problem  existed,  in  others  bad  signals  characterized  by  wild 
excursions  and/or  multiple  pejks  caused  questionable  interpretation  of 
the  data. 

An  overall  comparison  of  peak  pressure  data  recorded  by  different 
Hopkinson  bars  for  the  same  shot  or  on  a shot  to  shot  basis  can  be  made 
by  observing  Table  7.  Included  in  this  table  are  standard  deviation 
values  which  show  the  data  spread  that  might  be  expected  when  using 
this  instrumentation  and  facility. 

The  areas  under  the  recorded  pressure- time  curves  produced  from  the 
filtered  output  of  each  amplifier  were  determined  by  means  of  a 
planimeter.  These  areas,  multiplied  by  a corresoondi ng  scale  factor 
give  the  filtered  reflected  impulse  (lr)in  lb/in*  - milliseconds.  The 
averaged  filtered  impulse  values  corresponding  to  the  reflected  peak 
pressures  (Pr)  for  the  bare,  cyl indrical ly-shaped  pentolite  charges  are 
given  in  Table  8. 

TABLE  8 


Average  of  Parameters  Measured  at  an  Atmospheric 
Pressure  of  11.867  lb/in2  for 
Bare  Pentolite  Cylinders 


Series 

Average  Mass 
(lb) 

Length-to- 
Diameter  Ratio 
(L/D) 

Reflected  Peak 
Pressure  (Pr) 
(lb/in2) 

Filtered  Reflected 
lmpulse( 1 r) 
(lb/in2  - msec) 

64 

1.29 

2.25 

1503 

88.2 

80 

2.09 

1.77 

i860 

116.1 

95 

3.02 

1.48 

2694 

185.8 

1 10 

3.98 

1.27 

2877 

242.0 

120 

it. 66 

1.18 

3132 

251.3 

Sachs'  scaling  law  (Ref.  2)  states  tnat  dimensionless  groups  can 
be  formed  that  involve  pressure,  time,  impulse,  and  certain  parameters 
for  the  ambient  air  and  that  these  groups  are  unique  functions  of  a 
dimensionless  distance  parameter.  Specifically,  the  groups 

la  ta  p 1/3 

p , O , leJ0  Po 

Po  El/3  Po2/3  “i T173 

are  stated  to  be  unique  functions  of  (Rp^'^/E*'3). 

Ref.  2.  Baker,  Wilfred  E.,  Explosions  in  Air,  First  Ed.,  Austin,  Texas, 
Univ.  of  Texas  Press  1973-  Chap.  3*  "Blast  Scaling",  pp  5^*” 77 • 
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Using  the  Sachs'  scaling  laws,  as  outlined  by  W.  E.  Baker  in  Ref.  2, the 
following  relationships  were  employed  to  normalize  the  above  dat-a. 


R = 


Rr  (Pr)1/3 

(E)1^ 


(Eq.  3) 


P 


T = 


Tr  ar  (pr) 

(E)l/3 


1/3 


(Eq.  4) 


(Eq.  5) 


I = 


1 r ar 


(Pr)2/3(E)'/3 


(Eq.  6) 


where 


R is  the  scaled  distance 

A 

P is  tie  reflected  peak  air  blast  overpressure,  atmospheres 

T is  Lhe  duration  of  the  reflected  overpressure 

T i s the  normally  reflected  positive  impulse  as  determined 
through  a 50  usee  rise  time. low-pass  filter 

Rr  is  the  standoff  distance  at  range,  inches 

Pr  is  the  reflected  peak  air  blast  overpressure  as 
measured  at  the  range.  lb/in^ 

Tr  is  the  duration  of  the  reflected  overpressure  as 
measured  at  the  range,  se~ 

pf  is  the  ambient  atmospheric  pressure  at  the  range,  lb/in^ 

ar  is  the  acoustic  velocity  in  air  at  59°E,  in/sec 

Tr  is  the  normally  reflected  positive  impulse,  as  determined 

through  a 50  usee  rise  time  low-pass  filter,  and  measured 
at  the  range,  lb-sec/in^ 

* is  the  energy  of  the  explosive,  in-lb 
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The  following  numerical  values  were  used  for  the  constants  in  these 
equations : 

pr  = 11.867  lb/in2 

E = 20.5  x 106  in-lb/lb 

Rr  = 36.0  in 

ar  = 13,397  in/sec 


Table  9 is  a summary  of  the  normalized  data  for  the  series  of  bare 
pentol i te  cyl inders. 


TABLE  9 

Averaged  Normalized  Blast  Parameters 
for  Pentol ite  Cylinders 


Length  to 
Diameter  Ratio 
(L/D) 

Scaled 

Distance  (R) 

Rr(pr>,/3 

Peak  Reflected 
Overpressure(P) 

A 

Pr 

Fi ltered  Normal ly 
Reflected  Positive 
Impulse  (I) 

lrar(pr) 1/3 

Series 

(E)'/3 

Pr 

(E)>/3 

64 

2.25 

0.276 

126.7 

0.763 

30 

1.77 

0.235 

156.7 

0.855 

95 

1.48 

0.208 

227.0 

1 .210 

110 

1.27 

0.189 

242.4 

1.437 

120 

1.18 

0.580 

263-9 

1.416 

All  the  bare  pentol ite  cylinder  blast  parameters  are  graphically  pre- 
sented in  Fig.  2*4  through  Fig.  26. 

ENCASED  CHARGES 

Fifteen  fluldlcslly  encased  pentolite  charges  were  fired  at  the 
tan*  test  site.  In  each  case  the  liquids  were  contained  in  a luclte 
cylinder  having  a wall  thickness  of  approximately  1/8  Inch.  A small 
series  of  four  liquid  encased  charges  were  detonated  at  the  VADAM  test 
facility.  However,  in  this  case  the  liquid  container  was  manufactured 
from  a paraffin  impregnatec  cardboard  tube  having  a wall  thickness  of 
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FIGURE  21*.  Peak  Overpressure  versus  Scaled  Distance 
for  Bare  Pentolite  Cylinders  (Normalized  Data). 
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FIGURE  26.  Average  Filtered  Reflected  Impulse  versus  Scaled 
Distance  for  Bare  Pentollte  Cylinders  (Normalized  Data). 
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1/16  inch.  In  addition,  a series  of  fourteen  fluidically  encased 
explosive  charges  were  fired  at  the  VADAM  test  arena.  These  high 
density  surrounds  were  manufactured  from  solder  and  glass.  Table  10 
is  a summary  of  the  pertinent  charge  and  surround  dimensions  as  well  as 
the  mass  of  the  surround  materials.  The  density  values  for  the  surround 
materials  mentioned  in  Table  10  are  given  in  Table  11.  The  density 
values  for  the  liquids  are  published  values  whereas  those  for  the  three 
solid  materials  were  calculated  from  the  dimensions  of  the  surrounds. 

TABLE  11 

Encasement  Material  Densities 


Material  Type 

(g/ern 

Water 

1.00 

Ethylene  Glycol 

1.11 

Glycerol 

1.26 

Glass 

2.68 

Leaded  Glass 

5.37 

Solder 

9.01* 

All  the  blast  parameters  for  fluidically  encased  explosive  charges 
are  unsealed.  The  quoted  values  were  measured  at  an  atmospheric  pres- 
sure of  11.867  lb/in2.  The  following  parameters  need  to  be  defined: 

?r  is  the  peak  pressure  as  given  by  the  response  of  the 
50  ysec  rise  time  low-pass  filter.  This  is  not  the 
maximum  excursion  of  the  spikes  shown  in  the  raw  data. 

It  is,  therefore,  called  the  “filtered  reflected  peak 
pressure,  Jb/in2". 

Ir  is  the  area  under  the  filtered  pressure  time  curve.  It 
is  called  the  "filtered  reflected  positive  impulse, 
lb/in^  - msec". 

The  measured  near-field  blast  parameters  for  the  fluidically  encased 
pef.tolite  cylinders  are  given  in  Table  12  and  Table  13-  Referring  to 
Table  12,  the  wide  variation  in  peak  pressure  and  positive  impulse 
existent  for  a number  of  the  surround  charge  combinations  can  be  ob- 
served. For  example,  in  the  6^-Series,  glycol/luci te,  leaded 
glass,  glass  £,nd  water/cardboard  exhibited  variations  in  the  data  rang- 
ing by  factors  of  2.9,  6.8,  10.1  and  11.3  for  the  filtered  peak  pressure 
values  and  by  factors  of  1.7,  8.0,  8.^  and  12.^  for  the  filtered 
impulse  values  respectively.  Data  for  the  other  charge  series  show 
similar  variations.  It  is  felt  that  the  primary  cause  for  the  wide 
variation  in  data  is  relatable  to  the  size  cf  the  impacting  particles, 
when  these  particles  impact,  and  the  total  time  over  which  the  particles 
impact  the  face  of  the  bar.  For  example,  a uniformly  expanding  fine 
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TABLE  12 


Blast 

Parameters  for 

Fluldlcally  Encased  Pentollte  Cylinders 

as 

Measured  at  an 

Atmospheric  Pressure  of 

11.867  lb/ln* 

and  at 

a 36.0-inch  Standoff  Distance. 

Filtered  Reflected 

FI  1 tered  Reflected 

Cha  rge-to- 

Peak  Pressure 

Positive- Impulse 

Hopklnson 

Type  of 

Mass  Ratio 

<F»  , 

(Jr) 

Pressure  Bar 

Series 

Encasement 

(C/M) 

( Ib/ln2) 

(lb/ ln‘  - msec) 

Material 

66 

Water/Lucite 

0.63 

1563 

322 

Brass 

1855 

267 

Aluminum 

Glycol/Lucl te 

0.38 

2769 

353 

Brass 

971 

208 

Ai umi num 

Glycerol/Luci te 

O.36 

2627 

358 

Aluminum 

80 

Water/Luci te 

O.83 

2631 

631 

Aluminum 

Glycol/Lucl te 

0.78 

1160 

277 

Aluminum 

1360 

288 

Aluminum 

1622 

266 

Brass 

Glycerol/Luci te 

0.70 

2283 

326 

Aluminum 

1566 

298 

Brass 

95 

Water/Luci te 

1 .60 

1861 

625 

Aluminum 

1855 

665 

Brass 

Glycol/Lucl te 

1 .AO 

1813 

517 

Aluminum 

>l86 

366 

Brass 

Glycerol/Luci te 

1.27 

1737 

325 

Aluminum 

1608 

305 

Brass 

no 

Water/Luci te 

3.33 

2072 

636 

Aluminum 

2730 

625 

Aluminum 

2536 

376 

Brass 

Glycol/Lucl te 

3.08 

2085 

38S 

Aluminum 

2102 

621 

Brass 

Glycerol/Luci te 

2.88 

2136 

661 

Aiuml num 

2287 

399 

Bras'. 

120 

Water/l.vCi  te 

5.52 

1986 

379 

Aluminum 

2936 

629 

Brass 

Glycol/Lucl te 

5-56 

1861 

617 

Aluminum 

2936 

689 

Brass 

Glycerol/Luci te 

5.08 

2590 

650 

Aiuml num 

2750 

662 

Brass 

66 

Solder 

0.05 

9616 

2355 

Steel 

Leaded  Glass 

0.09 

8687 

2909 

Steel 

6963 

1726 

Steel 

33810 

13767 

Steel 

Glass 

0.015 

5675 

>557 

Steel 

1985 

690 

Steel 

•'979 

5801 

Steel 

Water/Cardboard 

0.66 

3286 

1083 

Steel 

3997 

1003 

Steel 

1688 

360 

Steel 

1326 

668 

Steel 

16907 

«68i 

Steel 
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TABLE  12  (Continued) 


Type  of 
Encasement 

Charge-to- 
Mass  Ratio 
(C/M) 

Fi 1 tered  Reflected 
Peak  Pressure 

(lb/ in2) 

Filtered  Reflected 
Pos 1 t i ve- Impul se 

, pv> 

(lb/inz  - msec) 

Hopklnson 
Pressure  Bar 
Material 

Solder 

0.10 

15223 

Aluminum 

• 19571 

4258 

Al umlnum 

12189 

- 

Aluminum 

15237 

1986 

Aluminum 

27800 

- 

Steel 

Leaded  Glass 

0.14 

14236 

3721 

Steel 

6618 

1973 

Steel 

47949 

13248 

Steel 

Glass 

0.30 

9582 

2506 

Steel 

3805 

1578 

Steel 

47949 

15118 

Steel 

Water/Cardboard 

0.  85 

2738 

949 

Steel 

2628 

623 

Steel 

1 191 

1»C 

Steel 

3508 

399 

Steel 

10143 

2251 

Steel 

7069 

1061 

Steel 

Solder 

0. 18 

19847 

5012 

Aluminum 

15672 

2729 

Aluminum 

65511 

15092 

Steel 

Leaded  Glass 

0.35 

This  data 

was  lost  (when  tank 

test  fac 1 1 1 ty  cracked) 

Glass 

0.68 

9582 

3227 

Steel 

7445 

1923 

Steel 

33810 

15672 

Steel 

Solder 

0.40 

24161 

4078 

Aluminum 

53604 

18544 

Stee  1 

Leaded  Glass 

0.57 

18889 

3227 

Steel 

11581 

4192 

Steel 

35195 

9827 

Steel 

Glass 

0.97 

3805 

1638 

Steel 

11343 

4641 

Stee  1 

Solder 

0.73 

13140 

2278 

Steel 

4963 

2624 

Steel 

15368 

3810 

Steel 

Leaded  Glass 

1.05 

7528 

2088 

Steel 

2647 

2613 

Steel 

12294 

3723 

Stee  1 

Glass 

« • 93 

2190 

425 

Steel 

2316 

404 

Steel 

3842 

398 

Steel 
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TABLE  13 

Averaged  Filtered  Blast  Parameters  for  Fluldlcally 
Encased  Pentollte  Cylinders  as  Measured  at  an 
Atmospheric  Pressure  of  11.867  lb/ln2  and 
at  a 36.0-Inch  Standoff  Distance. 

Filtered  Reflected  Filtered  Reflected 


Series 

Charge-to- 
Type  of  Mass  Ratio 

Encasement  (C/M) 

Peak  Pressure 
<Pr> 

(lb/ln2) 

Positive  Impulse 

(Tr> 

(lb/ln2  - msec) 

64 

Water/Lucl te 

0.43 

1/09 

300 

Glycol/Lucite 

0.38 

1870 

281 

Glycerol/Lucl  te 

0.34 

2427 

358 

80 

Water/Luc Ite 

0.83 

2631 

63. 

Glycol/Lucite 

0.78 

1301 

277 

Glycerol/Luci  te 

0.70 

1915 

312 

95 

Water/Lucl te 

1.60 

1858 

435 

Glycol/Lucite 

1.40 

1649 

442 

Glycerol/Luci  te 

1.27 

1673 

315 

110 

Water/Luc Ite 

3-33 

2445 

441 

Glycol/Lucite 

3.08 

2094 

405 

Glycerol/Luci  te 

2.88 

2211 

420 

120 

Water/Lucl te 

5.52 

2461 

404 

Glycol/Lucite 

5.54 

2399 

453 

Glycerol/Luci te 

5.06 

2660 

446 

64 

Solder 

0.05 

9416 

2355 

Leaded  Glass 

0.09 

15753 

6134 

Glass 

0.15 

9146 

2683 

Water/Cardboard 

0.44 

5040 

1479 

80 

Solder 

0.10 

18004 

3122 

Leaded  Glass 

0.14 

22934 

6314 

Glass 

0.30 

20445 

6401 

Water /Cardboard 

0.85 

4546 

945 

95 

Solder 

0.18 

33677 

7611 

Glass 

0.68 

16946 

6941 

no 

Solder 

0.40 

38883 

1I3U 

Leaded  Glass 

0.57 

21222 

5749 

Glass 

0.97 

7574 

3140 

120 

Solder 

0.73 

11157 

2904 

Leaded  Glass 

1.05 

7490 

2808 

Glass 

1.93 

2783 

409 
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particulate  cloud  would  be  far  more  likely  to  produce  more  consistent 
results  than  an  expanding  mass  of  particulate  matter  containing  a 
number  of  relatively  large  fragments.  These  larger  fragments  can  impact 
the  bar  after,  before,  or  during  the  impact  of  the  smaller  particles  in 
the  expanding  mass  and  could  cause  the  degree  of  variation  observed  in 
the  data.  An  example  of  a pressure-time  history  recorded  for  a par- 
ticulate mass  felt  to  contain  both  small  and  large  particles  can  be 
observed  in  Fig.  39-  The  data  reported  in  Table  12  are  presented 
graphically  in  Figs.  27  through  32.  In  order  to  compare  the  data  in 
Table  12,  the  values  for  each  surround  was  arithmetically  averaged. 

These  averaged  values  are  given  in  Table  13  and  are  presented  graphi- 
cally in  Fig.  33  and  Fig.  3^* 

For  leaded  glass,  Series  95,  data  points  are  missing  due  to  the 
fact  that  this  test  was  fired  in  the  tank  test  facility.  This  test, 
followed  by  a 110-series  solder  test,  led  to  the  rupture  of  the  tank. 

The  tank  failure,  however,  did  not  cause  the  loss  of  data.  The  data 
were  lost  due  to  the  fact  that  all  the  strain  gauge  leads  were  spalled 
off  from  the  Hopkinson  pressure  bars.  The  difficulty  with  the  loss  of 
this  data  point  Is  that  it  would  probably  have  produced  a maximum  in 
the  filtered  reflected  peak  pressure  as  well  as  a maximum  filtered 
reflected  positive  impulse  for  the  leaded  glass  test  series.  The  graphs 
shown  in  Fig.  33  through  35  for  the  leaded  glass  series  were  drawn  to 
conform  to  a shape  similar  to  the  solder  and  glass  series. 

The  graph  shown  in  Fig.  35  was  plotted  to  illustrate  the  enhance- 
ment achieved  by  the  use  of  fluidic  surrounds.  The  length-to-diameter 
ratios  are  all  kept  constant  at  the  values  obtained  for  the  bare 
cyl indrical ly  shaped  charges.  These  values  do  vary,  as  shown  in  Table 
10;  however,  the  error  incurred  is  not  very  great  and  does  not  effect 
the  obvious  enhancement  Illustrated  by  the  curves.  Typical  pressure- 
time traces,  as  measured  by  Hopkinson  pressure  bars,  during  the  deton- 
ation of  fluid! ca 1 1 y encased  Pentolite  cylinders,  are  shown  in  Fig.  }6 
through  AO. 
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10,000# 


5,000k 


0.5  1.0 

CHARGE-TO-M ASS  RATIO  (C/M) 
FIGURE  29.  Filtered  Reflected  Peak  Pressure  Versus 
Charge-to  Mass  Ratio  for  Glycerol/l.ucite  Surround. 
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FIGURE  30.  Filtered  Reflected  Peak  Pressure  Versus 
Charge-to-Mass  Ratio  for  Solder  Surround. 
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FIGURE  32.  Filtered  Reflected  Peak  Pressure  Versus 
Charge-to-Mass  Ratio  for  Glass  Surround. 
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AVERAGE  FILTERED  REFLECTED  IMPULSE  (lr),  Ib/in^-msec 
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““©  SOLDER,/*  * 9.04  g/cm3 
GLASS,  p- 5.37  g/cm3 
— & GLASS,  p =2.68  g/cm3 
GLYCEROL/*  1.26  g/cm3 
-<? GLYCOL.  />*  I.  II  g/cm3 
--O  WATER,  p-  1.00  g/c-n3 


/ 

& --o--y — 

0 -O' 


CHARGE-TQ-MASS  RATIO  (C/M) 


FIGURE  34.  Average  Filtered  Reflected  Impulse  Versus  Charge- 
to-Mass  Ratio  (Atmospheric  Pressure  (Pr)  of  11.867  Ib/in^). 
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FIGURE  36.  Pressure-time  Data  f rom  Water/Luci te 
Encased  Pentolite  Cylinders- 
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FIGURE  38.  Pressure-time  Data  Generated  by  Leaded 
Glass  Encased  Pentolite  Cylinders. 
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Raw  Data 

Fi 1 tered 
Data 


Raw  Data 
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FIGURE  39.  Pressure-time  Data  Generated  by  Glass 
Encased  Pentolite  Cylinders. 
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1 10-Serles  Solder 
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1 CURE  40.  Pressure-time  Data  Recorded  by  a Yellow 
rass  Hopkinson  Bar  Situated  Behind  a Fragment  Stripper 
or  a Solder  Encased  Pentolite  Cylinder. 
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CONCLUSIONS 


A tremendous  enhancement  in  blast  performance  is  realized  through 
the  use  of  fluidic  surrounds.  The  enhancement  obtained  in  both  peak 
pressure  and  positive  impulse  is  phenomenal,  especially  for  the  higher 
density  surrounds,  i.e.,  glass,  leaded  glass,  and  solder.  Maximum  peak 
pressures  for  these  surrounds  ranged  from  approximately  20,000  to  40,000 
lb/in^,  while  maximum  impulse  values  ranged  from  approximately  7,000  to 
11,000  lb/in^-msec.  Bare  cylinder  data  for  the  same  charge  series  pro- 
duced peak  pressures  ranging  from  1,500  to  3,100  lb/in^,  and  maximum 
impulse  values  ranging  from  approximately  90  to  250  lb/in^-msec.  Compari- 
son of  the  values  for  the  optimum  surrounds  to  values  obtained  for  bare 
pentolite  cylinders  shows  an  increase  by  roughly  a multiple  of  10  for 
peak  pressure  and  a multiple  of  50  for  positive  impulse  due  to  charge 
encasement. 

While  the  enhancement  realized  for  the  liquid  surrounds  was  not 
nearly  as  phenomenal  as  that  for  the  solid  surrounds,  a significant 
increase  in  blast  performance  was  observed.  The  principal  increase  was 
in  positive  impulse  which  was  approximately  2 to  5 times  higher  than 
the  bare  charge  data.  Peak  pressures  for  the  liquid  surrounds  tended 
to  show  a general  decrease  when  compared  to  the  95,  1 i 0 and  120  series 
bare-charge  data,  and  a general  increase  when  compared  to  the  64- and  80- 
series  bare-charge  data. 

The  optimum  charge  to  mass  ratio  appears  to  decrease  as  the  surround 
density  goes  up,  at  least  for  the  three  high  density  surrounds,  as  shown 
in  Fig.  34.  The  maximum  reflected  impulse  seems  to  increase  with  the 
increasing  density  of  the  encasement  material. 

There  appear  to  be  three  blast  wave  components  associated  with  the 
fluidically  encased  explosives  charges:  an  air  blast  shock  front,  high 

velocity  particulate  matter,  and  a slower  moving  vaporized  cloud  (espec- 
ially at  hi qh  surround  densities).  The  respective  times  of  arrival  at 
the  impact  ends  of  the  Hopkinson  pressure  bars  chanqes  with  the  surround 
density  as  well  as  the  charqe-to-mass  ratio. 

The  peak  pressure  registered  on  the  yellow  brass  Hopkinson  pres- 
sure bar  mounted  behind  the  fragment  stripper  was  markedly  lower  than 
that  obtained  from  a bare  pentolite  cylinder  of  comparable  dimensions. 

This  would  indicate  that  there  is  a degradation  of  air  blast  due  to  the 
surround  material,  and  that  the  enhancement  observed  is  due  to  a momen- 
tum transfer  mechanism  (vaporized  cloud  as  well  as  particulate  m tter). 

A degradation  of  rise  time  appeared  to  occur  whenever  the  vaporized 
cloud  was  the  predominant  damage  producing  agent.  This  can  be  observed 
in  Figs.  37  through  39. 
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In  future  work  of  this  nature,  it  would  be  useful  to  place  the 
Hopkinson  bars  at  different  standoff  distances  so  that  the  pressure- 
distance  profile  of  the  observed  blast  enchancement  could  be  determined. 
The  effect  would  be  better  understood  if  a method  could  be  devised  to 
measure  the  three  blast  components  separately  but  concurrently.  Having 
a sensitive  Hopkinson  pressure  bar  system  mounted  behind  a fraqment 
stripper  would  be  the  logical  initial  step. 


RECOMMENDATIONS 


It  is  felt  that  the  number  of  surround  materials  should  be  reduced 
in  favor  of  more  tests  of  the  same  density  surround  materials  at  different 
charge-to-mass  ratios.  In  the  case  of  liquids,  water  should  be  used 
throughout  to  first  establish  an  impulse  versus  charge-to-mass  ratio 
curve  with  an  increased  level  of  confidence  in  the  data.  The  spread  of 
the  data  obtained  to  date  does  not  provide  sufficient  confidence  in  the 
enhancement  effect  obtained  with  liquids. 

The  problem  of  the  negative  precursor  could  probably  be  solved  by 
center  point  initiation  of  the  test  cylinders  instead  of  a sinqle  end 
point  initiation. 

Future  tests  should  incorporate  various  target  configurations  and 
target  materials  to  determine  the  enhanced  damage  potential  from  encased 
charges  at  the  same  time  that  the  blast  profile  measurements  are  being 
obtained. 
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APPENDIX  A 

PNEUMATIC  LAUNCHER 


The  nneumatic  launcher  shown  in  Fig.  A-l  was  used  in  the  first  attemot 
to  calibrate  the  HoDkinson  pressure  bars.  This  launcher 
fires  projectiles  having  a 1/2-inch  diameter  and  lengths  of  1/2-inch, 

1 1/2- inch,  3 inches  and  6 inches.  The  system  used  to  determine  the 
projectile  velocity  consisted  of  two  light  beams,  spaced  8 inches  apart, 
situated  at  the  muzzle  end  of  the  pneumatic  launch  tube.  The  interval 
between  the  interruption  of  the  two  beams,  by  the  projectile,  provided 
a measure  of  the  average  projectile  velocity.  Projectiles  made  from 
steel,  aluminum  and  yellow  brass  were  fired  at  predetermined  velocities 
to  simulate  the  approximate  impulse  from  an  explosive  test  charge. 

Since  the  projectiles  and  Hopkinson  bars  were  manufactured  from  the  same 
metallic  alloy  in  each  case,  the  calibration  factor  for  each  system  was 
calculated  using  the  following  equation: 

c Au  millivolts 

“ 72  p C VP  lb/in2 


Au 

P 

C 


is  the  change  in  output  voltage,  mV 
is  the  density  of  the  metallic  bar,  lb-sec2/ini* 
is  the  acoustic  velocity  in  the  bar,  ft/sec 
is  the  projectile  velocity,  ft/sec 


Results  obtained  from  the  pneumatic  launcher  did  not  provide  a 
satisfactory  calibration  for  the  Hopkinson  pressure  bars.  A typical 
oscilloscope  trace  is  shown  in  Fig.  A-2.  While  the  traces  look  correct 
the  calculated  calibration  factors  did  not  always  correspond  to  the 
calibration  factors  determined  from  piezoelectric  gauge  measurements 
obtained  during  the  detonation  of  bare  spherical  test  charges.  The 
reason  for  this  appeared  to  be  an  inaccurate  measurement  of  projectile 
velocity  over  the  8-inch  separation  distance  between  detectors  as  a 
result  of  friction  and/or  skipping  or  sticking  of  the  projectile. 

Table  A-l  illustrates  the  inconsistency  of  this  method  for  cali- 
brating the  Hopkinson  pressure  bars.  For  this  reason  the  calibration 
factors  determined  by  the  pneumatic  launcher  technique  were  not  used  for 
computations  during  the  course  of  this  program. 


62 


-‘I 

* 

- « 

■k 

. *F  V A j 

•U  4 

\ 

i 


NWC  TP  5857 


Vert.  Scale 
200  mV/div. 


Horiz.  Scale 
100  ys/div. 


FIGURE  A- 2.  Calibration  Trace  Using  Pneumatic  Launcher; 
Projectile  Velocity  - 3.89  ft/sec,  Projectile  Length  = 
6.0-Inch. 


I TABLE  A- 1 

< Calibration  Factors,  S,  Obtained  by  Using  Different 


Calibration  Methods 

on  Aluminum 

Bars 

Ampl i f ier 
Number 

Spherical  Charge 
Cal ibration 
(mV/lb/in2) 

Analytical 
Ca  1 ibrat ion 
(mV/1  b/ir,2) 

Launcher 
Cal ibration 
(mV/ lb/in2) 

1 

0.29 

0.31 

0.31 

2 

0.25 

0.29 

0.35 

APPENDIX  B 


RAW  DATA 


Included  In  this  appendix  ire  the  unfiltered  and  filtered  raw 
pressure-time  data  obtained  from  one  shot  of  each  test  series  for  both 
the  bare  pentolite  and  the  encased  pentolite  cylinders.  Review  of  these 
data  provides  a better  understanding  of  the  type  of  signals  recorded  as 
well  as  the  difficulties  encountered  in  interpretation  of  some  of  the 
data. 


In  each  figure  (for  the  first  three  sets  of  records)  the  top  data 
trace  is  the  unfiitered  (or  raw  data)  signal  and  the  bottom  trace  is  the 
filtered  signal  as  recorded  through  a 50  ysec  rise  time  low-pass  filter. 
The  fourth  set  of  traces  recorded  are  from  a piezoelectric  gauge 
(normally  top)  and  a brass  bar  current  source  (bottom).  The  sweep  rate 
for  each  trace  is  100  ysec  per  cm  unless  otherwise  noted.  The  amplifier 
arrangement  is  normally  1,  2,  3 and  b reading  upper  left,  upper  right, 
lower  left  and  lower  right,respecti vely. 
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FIGURE  B“3.  Pressure-Time  Data  from  a 95-Series,  1370-Gram,  Pentolite  Cylinder.  . 

Cylinder  Dimensions,  3i"inch  OD  by  5-inches  Long.  Sweep  Rate  100  ysec/dtv. 


FIGURE  B-6.  Pressure-Time  Data  from  a 6A-Series,  Water/Lucite  Surround.  Charge  to  Mass 
Ratio  0.43.  Sweep  Rate  100  psec/div. 
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FISURE  B-7.  Pressure-Time  Data  from  an80-Series,  Water/Lucite  Surround. 
Charge  to  Mass  Ratio  0.83.  Sweep  Rate  100  ysec/div. 
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FIGURE  B-8. 


Pressure-Time  Data  from  a 95-Series,  Water/Luclte  Surround. 
Charge  to  Mass  Ratio  1.60.  Sweep  Rate  100  ysec/div. 
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Aluminum  Bar 
1681  lb/in2/dtv 


FIGURE  B- 11.  Pressure-Time  Data  from  a 64-Series,  Ethylene  Glycol/Luci te 
Surround.  Charge-to-Mass  Patio  0.38.  Sweep  Rate 
100  psec/div. 
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Aluminum  Bar 
1681  lb/in2/div 
Insert  broke 


Brass  Bar 

21 14  lb/in2/div 

insert  broke 


FIGURE  B- 1 3 - Pressure-Time  Data  from  a 95-Series,  Ethylene  Glycol 
Surround.  Charge-to-Mass  Ratio  1.40.  Sweep  Rate 
100  ysec/div. 
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Aluminum  Bar 
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FIGURE  B-IA.  Pressure-Time  Data  from  a 110-Series,  Ethylene  Glycol 
Surround.  Charge-to-Mass  Ratio  3-08.  Sweep  Rate 
| _ 100  psec/cm. 
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Pressure-Time  Data  from  a 64-Series,  Glycerol/Luci te  Surround. 
Charge-to-Mass  Ratio  0.34.  Sweep  Rate  100  ysec/cm. 


A 


re-Time  Data  from  a 80-Series,  Glycerol /Luc i te  Surround, 
-to -Mass  Ratio  0.70.  Sweep  Rate  100  psec/cm. 
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FIGURC  B-l8.  Pressure-Time  Data  from  a 95-Series,  Glycerol/luci xe 
Surround.  Charge-to-Mass  Ratio  1.27*  Sweep  Rate 
100  usec/div. 


FIGURE  B- 19-  Pressure-Time  Data  from  a 110-Series,  Glycerol/Luci te 
Surround.  Charge-to-Mass  Ratio  2.88.  Sweep  Rate 
100  psec/div. 
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FIGURE  B-20.  Pressure-Time  Data  from  a 120-Series  Glycerol /Luc i te 
Surround.  Charge-to-Mass  Ratio  5*06.  Sweep  Rate 
100  usec/div. 
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FIGURE  B-21 . Pressure-Time  Data  from  a 64-Series  Solder  Surround. 

Charge-to-Mass  Ratio  0.05.  Sweep  Rate  100  psec/div. 
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FIGURE  B- 23.  Pressure-Time  Data  from  a 95"$eries  Solder  Surround. 

Charge-to-Mass  Ratio  0.18.  Sweep  Rate  100  psec/div. 
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FIGURE  8-2^.  Pressure-Time  Data  from  a 110-Series  Solder  Surround. 

Charge- to-Hass  Ratio  0.40.  Sweep  Rate  100  ysec/div. 


In,  Sweep  Rate  200  ysec/div 
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FIGURE  B-29.  Pressure-Time  Data  from  a 120-Series  Leaded  Glass 
Surround.  Charge-to-Mass  Ratio  1.05.  Sweep  Rate 
100  lisec/div. 
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FIGURE  8-31.  Pressure-Time  Data  from  a 80-Series  Glass  Surround. 

Charge-to-Mass  Ratio  0.30.  Sweep  Rate  100  ysec/dlv. 
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FIGURE  B-32.  Pressure-Time  Data  from  a 95-Series  Glass  Surround. 

Charge -to- Mass  Ratio  0.68.  Sweep  Rate  100  psec/dlv. 
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FIGURE  B- 33-  Pressure-Time  Data  from  a 110-Serles  Glass  Surround. 

Chi  rge-to-Mass  Ratio  0.97.  Sweep  Rate  100  ysec/dlv. 
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FIGURE  B-3**.  Pressure-Time  Data  from  a 120-Series  Glass  Surround. 

Charge-to-Mass  Ratio  1.93*  Sweep  Rate  100  psec/div. 
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